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The Scale for a TeV Linear Collider

TOday,s teChnOIogy LC Damping Rings IR & detectors Cﬁ;ﬁ;’e”s‘;ﬁ,r
—a 31km tunnel: .

Advanced Accelerator Technology LC:
q GeV/m accelerating gradient

The Luminosity Challenge: [ — & N
mmm) High-efficiency By \4moz0oy

...and must do it for positrons too!
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Advanced and Novel Accelerators (ANAs):
Ultrahigh Fields Offer Potential from TeV to Many TeV

1 A

DM

° Ultrahigh fields 1-100 GV/m Structure-based wakefield accelerator (SWFA)

- Smaller linacs, lower cost Plasma wakefield accelerator (PWFA)
» Ultrashort bunches 10 fs — 1 ps Laser wakefield accelerator (LWFA)

- Reduced beamstrahlung, lower drive
power

» Rapid accelerator R&D progress in
last decade

» Compact colliders: polarized e+e-,
gamma-gamma

Example: a laser or particle beam (red) drives a density
wave (blue to yellow) in plasma, accelerating electrons
(white) with fields of order 10 GeV/m

Intense laser and particle beam driven plasmas or structures can

circumvent current acceleration limits
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Wakefield-based Colliders: Staged High-gradient Accelerators
with Geometric Gradients 0.2 - 2 GeV/m

Structure Wakefield Accelerator (SWFA)
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0.267 GeV/stage; Geometric gradient: 0.2 GV/m
https://accelconf.web.cern.ch/ipac2013/papers/tupea088.pdf
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 Collider designs have been !
developed to guide research

priorities (efficiency, staging...) |

* Next step — integrated design studieﬂ

Laser-driven Plasma Accelerator (LWFA)

e” Source

BDS and

“m

Interaction point

Plasma stage

A

Plasma mirror
- mmp
Acceleration

’ stage

Laser pulse

50 kHz Laser sources 50 kHz Laser sources

C. Schroeder et al., NIMA (2016)

5 GeV/stage; Geometric gradient: 2.3 GV/m
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Beam-driven Plasma Accelerators (PWFA)
~4.5 km

New concept for a PWFA-LC
Main e- beam (CW) : \ CW option with recirculation
Q=1.0 x 10%%- @ 15 kHz E- =1TeV, L=16x10%,T=1.0
P fina = 12 MW — Oe Source e+ sourcel

20plasma stages, AE=25 GeV each stage

; >
BDS and final focus,

Magnetic chicanes: 4 ns delay (3.5km)

Maine+ beam (CW) :
Q=1.0x10%%*@ 15 kHz

Main e+ plasma acceleration (0.5 km) '

4passes Recirculating SCRFCW linacs.

€
Injection every halfturn,

Main e-plasma acceleration (0.5 km)
C=1000m, E’_gg/"os=8%

Drive beam after accumulation
Trains of 20 bunches, 4 nsapart @ 15kHz
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25 GeV/stage; Geometric gradient: 1 GV/m

E. Adli et al., arXiv:1308.1145 (2013); Chen et al., arXiv2009:13672




Collider Studies Establish Accessible Parameter Sets

(%)

Similar parameter ranges accessible to each technology: coordinated example
 TeV-class established previous Snowmass, now extended to 15 TeV
* Documented in Contributed Papers

* Potential to re-use infrastructure of near-term LC (e.g. ILC)

* Next steps for AF: integrated design study, self consistent and including tradeoffs

Sequence of collider options available — polarized e+e- or gamma-gamma

* New concepts continue to emerge that extend this potential

Components Performance Parameters

Concept |Accelerator [Beam source Interstage Beam Effective Energy |Luminosity |Efficiency |Power (no

Technology Coupling Delivery |Gradient recovery)
ILC SC RF Damp. Ring N/A ILC BDS [31.5 MV/m 0.5TeV [2.7E34 240 MW
AALC Plasma or Str. | Damping Trad. mag. Trad. BDS |1 GeV/m 1TeV |1E34 15% 70-100 MW
AALC Plasma or Str. | Damping Mag. or Plasma | Trad. BDS |1 or 10 GeV/m |3 TeV |3E34 15% 185-315 MW
AALC Plasma or Str. |Plas. cath.@nm [Mag. or Plasma | Trad. BDS |1 or 10 GeV/m |3 TeV |1E35 15% 200-315 MW
AALC Plasma or Str. | Plas. cath.@nm |Plas. lens Trad. BDS |10 GeV/m 15 TeV |1E35 15% 900-1100 MW
AALC Plasma or Str. | Plas. cath.@nm [Plas. lens Plas. lens |10 GeV/m 15 TeV [5E35 15% 900-1100 MW

EF: Particle physics signature analysis needed to guide development, alternatives
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Extending the Energy Reach of an Existing LC Facility

[ ad_|

PSR o\
Repurpose an existing (future) conventional RF linear collider facility
* Reuse existing tunnels and infrastructure

Advanced and Novel Accelerators — High fields yield compact linacs

 sub-km linac for TeV i
 few km linac for 10 TeV

Example: ILC facility

* Replace RF with plasma stages
* e.g.,, LWFA at 2.3 GV/m over 11 km yields 50 TeV com

FermilLab site
« Multi-TeV ANA collider possible

High energies (>10 TeV) accessible in conventional accelerator facility footprint
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Rapid Experimental Progress Since Last Showmass

LWFA: 8 GeV energy gain in 20 cm stage using BELLA PW laser

PWFA: 9 GeV in 1.3 m using SLAC at FACET g

New: 12 GeV from LWFA at U Texas (submitted) =7+ 7s 7c 50 2 c4 85 a8 20

Momentum (GeVic)

A.J. Gonsalves et al. PRL (2019)

Proof-of-principle staging of LWFAs (~100 MeV energy gain) M. Litos et al. PPCF (2015)

ap 1:

using plasma-based stage coupling; multi-GeV soon S e
C : : : e Pl /I“ﬁmagnet S. Steinke et al.
Optimized beam loading in PWFA enables uniform, | < IS (2016)

lanex screen

high-efficiency acceleration

42% transfer efficiency e,

with 0.2% energy spread SWFA dielectric structures.
l GeV/m structure "%

B. O’Shea et al.
Nature Comm. (2016)

Electric field, £, (GV m™)

st memeeme || < C. A. Lindstrom et al.
1 »f  PRL(2021) Plasma recovery at high rep-rate
€ R. D'Arcy et al., Nature (2022)

X-ray FEL at 27nm by LWFA (Shanghai 2021) demonstrate beam quality
LWFA-FEL: W. Wang et al, Nature Vol 595 (2021)

Drivers: Superconducting XFELs, New laser technology (fibers, Thulium) promise high

average power at high efficiency Also: positron PWFA, hollow channels for low emittance growth,

laser-triggered injection for 0.1 micron emittance with path to nm-class...
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Worldwide Research on ANA is Vigorous and Rapidly Evolving

o1 AL
DN

« Example: Journal publications on laser-plasma wakefield accelerators

* > 1000 papers/year!

* Intense international competition: potential loss of US leadership

1000 A

800 A

600 -

400 -

Number of publications

200 A

1980 1990 2000 2010 2020
Year

Google Scholar
Search

Journal
publications
containing the
phases:

‘Laser’ and
‘Plasma’ and
‘Wakefield’ and
‘Acceler*’.
(citations

excluded)

» Laser R&D is also vigorous and rapidly evolving
» 2018 Nobel Prize in physics for chirped pulse amplification

lasers (Strickland and Mourou)

M.J. Hogan — Snowmass Agora on Future Colliders: Advanced Colliders, April 13, 2022



AAC R&D Facilities World-wide

1 A

US LWFA R&D Laboratories:
= |[BNL - BELLA
= LLNL-JLF

= BNL-ATF

= SLAC-MEC

= U. Texas

= U. Michigan

= LLE (Rochester)
= U. Nebraska

= NRL

= UCLA

U. Maryland

PWEA/SWEFA Laboratories:

=  ANL - AWA

=  BNL-ATF

= DESY - FLASHForward
= INFN - SPARC_Lab

=  SLAC - FACET-II

=  CERN - AWAKE (proton)

Compactness of laser systems has led to proliferation of

LWFA R&D in laboratories and universities world-wide

W ‘-—-..j__‘
s §

PACIFIC

DM

International LWFA R&D

| aboratories:
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ELI-Beamlines (Czech)
ELI-NP (Romania)
U. Lund (Sweden)
HZDR (Germany)
DESY (Germany)
LMU (Germany)
Jena (Germany)
RAL (UK)

SCAPA (UK)

U. Oxford (UK)
LOA (France)
Apollon (France)
LULI (France)

INFN (Italy)
CoRelS (Korea)
KPSI (Japan)
Tsinghua U. (China)
SIOM (China)

SJTU (China)

TIFR (India)

IAMS (Taiwan)
ALLS (Canada)
Weizmann Inst. (Israel)
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Talk by R. Assmann ‘Roadmap for advanced acceleration technologies’

Roadmaps for Advanced Technologies

o1 AL
DN

» Roadmaps followed Snowmass 2013 and ensuing HEPAP sub-panel
« Community representatives organized workshops and worked with
DOE HEP to define roadmaps for three AAC technologies:

- LWFA, PWFA and SWFA
» Similar efforts have followed in Europe and US Roadmaps are being

revisited as part of Snowmass 2021

Office of

U.S. DEPARTMENT OF
@ ENERGY oo

Advanced Accelerator
Development Strategy
Report
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Dielectric Structures

DWFA LC 10 YEAR PARAMETER TABLES

OOl 2015 (2020 2025 (2030 12035 2040

Continuing Invention & Discovery Phase

Single Stage
[ Prevent | Goals
100MV/m 300MV/m
0.5nC 0.5nC

Beam partially  Beam quality
characterized preservation
demonstrated

3GeV Acceleration Facility
Goals

I5m in length, 0.75 fill factor:

200MeV/m effective gradient

0.5nC/bunch, 6.5A current in p

Beam quality preserved

DWFA Explorato

Accelerators

Lasers

10 GeV module 016 : :
- LHC Physics Program W' End LHC Physics Program
5 GeV+5 GeV Stagmg Plasma Accelerator R&D at Universities and
Phase space shaplng efficienc other National & International Facilities
diagnostics, tolerances PWFA-LC Concepts & Parameter Studies  PWFA-LC CDR PWFA-LC TOR E-Le
Final fo Beam Dynamics & Tolerance Studies
= Plasma Source Development
£ FACET-Il Construction Legend
GeV linac — kH7 % ﬁr—ll Operation Theory/Simulation/Design
" P > i P'WP‘“D Engineering/Construction
t applicatio |
pu é M P tion - Experiments/Operations
! K [Transformer Ratio > 1
ign of concepts for collide: 3 B
4 m
< [PWFAApp Dev. [PWFA-App PWFA-App X
£ acor TOR Construction ‘“"" e
& Future Facility Design FFTBD Operation & Coliider Prototype
(FFTBD) Construction ) Test’
[Positron PWF; PW
Regime
FEL Operation
| Operation

Laser Driven

Beam Driven

Modeling and simulations with hi-fidelity, high speed codes
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Assessment of Limits Indicates Potential for 15 TeV-class

el A

D AN

ANA community has accessed potential limits of high-gradient linac technology

« Shaped bunches for high efficiency acceleration without energy spread growth

lon motion induced by dense beams can mitigate transverse hosing instability
Scattering in plasma mitigated by strong plasma focusing

Positrons can be accelerated in plasma columns

Energy spread from synchrotron radiation in plasma limited by small beam emittances
Laser and beam energy recovery may be used for improved efficiency

Additional technical challenges require R&D

* 100’s of stages: Beam matching / coupling between including efficiency =2 99%
« Small accelerating structures place challenging alignment and jitter tolerances
* Plasma-based beam delivery system and final focus

Wall-plug power will limit energy reach of e+/e- linear colliders based on ANA

« Beamstrahlung limits bunch charge and luminosity requirements increase required power:

« Short beams and low emittance reduce power requirements
P 5/2 ;1 /2
beam X 7Y Ox

AAC technology is capable of 15-TeV-class e+e- linear collider parameters
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Next Steps: ANA Facility Upgrades
will Advance Technology and Test Key Remaining Parameters

e
Rapid investment in Europe, Asia, incl. EUPRAXIA ($600M-class) _ .|  coliider parameters * |
« US R&D, facility base creates leadership opportunities %‘
g | KBELLA °
High-average power and high repetition rate plasma accelerators :%
» Technical challenges: targetry at repetition rate, heat deposition and f,:’.f . * kHz LWFA
management (~kW/cm), structure durability <
« KBELLA project: kHz, J-class laser. Technology available; precision via >
active feedback, applications on collider roadmap TTo 0 a0 et o
Bunches / sec
Positron acceleration R&D
« Technical challenges: plasma acceleration of stable, high-quality e+
beams, with high efficiency (comparable to e-) Wake excited in plasma column
« FACET-Il upgrade: plasma-based positron acceleration experiments/tests v
(e.g., plasma columns or hollow channels)
Near term applications will establish technology, benefit colliders //\% NBERIS
- Compton MeV photon sources, FELs, nQED, injectors... e+ focusing and / = S
- Societal benefit and increased return on investment for HEP accelerating region \ /

See — Beam Test Facilities for R&D in Accelerator Science and Technologies S. Dieterichs et al. PRAB (2019)
arXiv:2203.11290
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Talk by S. Gessner ‘Final focus and beam delivery for advanced colliders’

Near Term: Integrated Design Study

A traditional BDS system contains diagnostic ILC BDS

sections and collimation sections in addition I Lt WL L)
to the Final Focus and Machine-Detector | | -

Interface.

— — — 10*(aperture in mm)

na
B — [3;/2 spectrometer transformer doublet

_[3)1(/2 ————— -10.1

« Can we develop novel diagnostics (e.g. Z 200 ° 3
betatron radiation) to characterize the beam % 1w} ! cop I {01
emittance? Al \ 0

« Can we develop novel collimation schemes? : - Pem -

The Final Focus uses the local chromatic
correction in the final doublet. Active Plasma Lens  Passive Plasma Lens
» Can we employ novel chromatic correction E(,)t Plasma-filed capillary

techniques with shaped plasma lenses?
« Can we reduce the beam spot using strong .
focusing from plasma lenses? Electode  Electrode

driver

An integrated design study Iis needed to understand the challenges and

opportunities for all areas of the collider — not just the acceleration
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Summary

o1 AL
L | Y g \ N
ANA: potential for multi-TeV collider AVENTION PLASE | PROTOTYPING PHASE | GOLLDER PHASE
. | |
* 1-10 GV/m: compact linacs e
¢ U ItraS h O rt b U n Ch eS red U Ce powe r TOWARDS COLLIDER PE?gg:hF;i:s;c;EiiﬂDQUALITY, EFFICIENCY
- Gamma-gamma, polarized e+e- PROTOMPING.
1 : kW CLASS LASER FACILITY
Vigorous research, rapid progress s - ra—
* >1000 pubs/yr L e
E I
Strong European endorsement e °W\:‘
¢ E U P RAX I A DEMO SCIENCE COLLIDER DEMO DESIGN 20-80 GeV LINAC(s) AT 1-10 kHz

CASE

Next Steps: Upgrade existing facilities

INTEGRATED DESIGN CONCEPTUAL DESIGN TECHNICAL DESIGN

. . . STUDY (IDS) REPORT (CDR) REPORT (TDR)
- Remain productive and competitive

COLLIDER AUXILIARY SYSTEMS R&D
» Ensure progress on R&D roadmap INTERVEDIATE LPA APPLICATIONS (LIGHT SOURGES)

Need for integrated deSign Study DEVELOPMENT OF HIGH PERFORMANCE COMPUTING TOOLS FOR LPA EXPERIMENTS AND COLLIDER MODELING
. InCIUde auxiliary SyStemS 2020 2025 2030 2035 2040 2045
Need design for intermediate energy facility Revision of ANA Roadmaps: in progress
* Build physics case 20-100 GeV
Intermediate applications
» Light sources, compact accelerators

Need input from HEP community to define physics case

and guide design of future facilities
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